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Mangrove forests, important tropical coastal habitats, are in decline worldwide primarily due to removal 
by humans. Changes to mangrove systems can alter ecosystem properties through direct effects on 
abiotic factors such as temperature, light and nutrient supply or through changes in biotic factors such as 
primary productivity or species composition. Despite the importance of mangroves as transitional 
habitats between land and sea, little research has examined changes that occur when they are cleared. 
We examined changes in a number of biotic and abiotic factors following the anthropogenic removal of 
red mangroves (Rhizophora mangle) in the Panamanian Caribbean, including algal biomass, algal diver­
sity, algal grazing rates, light penetration, temperature, sedimentation rates and sediment organic 
content. In this ﬁrst study examining multiple ecosystem-level effects of mangrove disturbance, we 
found that areas cleared of mangroves had higher algal biomass and richness than intact mangrove areas. 
This increase in algal biomass and richness was likely due to changes in abiotic factors (e.g. light 
intensity, temperature), but not biotic factors (ﬁsh herbivory). Additionally the algal and cyanobacterial 
genera dominating mangrove-cleared areas were rare in intact mangroves and included a number of 
genera that compete with coral for space on reefs. Interestingly, sedimentation rates did not differ 
between intact and cleared areas, but the sediments that accumulated in intact mangroves had higher 
organic content. These ﬁndings are the ﬁrst to demonstrate that anthropogenic clearing of mangroves 
changes multiple biotic and abiotic processes in mangrove forests and that some of these changes may 
inﬂuence adjacent habitats such as coral reefs and seagrass beds. Additional research is needed to further 
explore the community and ecosystem-level effects of mangrove clearing and their inﬂuence on adjacent 
habitats, but it is clear that mangrove conservation is an important aspect of managing tropical coastal 
systems. 1. Introduction 
Human disturbance has consequences for ecosystem func­
tioning via changes to physical or abiotic conditions (e.g. light, 
temperature, nutrients) as well as species interactions or biotic 
factors (Levin et al., 2006). The relative importance of these factors 
depends on the frequency, intensity, and type of disturbance, and 
on the resilience of the ecosystem (Power et al., 1996; Hughes et al., 
2005). However, little work on this topic has been conducted in 
coastal interface habitats, such as salt marshes and mangrove 
forests (but see Kelaher et al., 1998; Walters, 2005; Granek and 
Frasier, 2007; Whitcraft and Levin, 2007; Alongi and de Carvalho, 
2008). Given that anthropogenic impacts are likely to continue to  State University, PO Box 751, 
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, 18001 Old Cutler Road, Ste. increase in coastal zones around the world, it is important to better 
understand how loss or modiﬁcation of these habitats may affect 
ecosystem functioning. 
In the tropics, coastal marine ecosystems are increasingly 
impacted by human activities. This is particularly true for 
mangroves which are considered threatened globally (UNEP, 1995; 
Wilkie and Fortuna, 2003). The area occupied by mangrove forests 
has declined worldwide by more than 35%, and half of this loss has 
occurred over the past 30 years, primarily due to human distur­
bance (Field et al., 1998). Loss of mangrove forests is caused by 
a variety of factors, including cutting and clearing for lumber and 
ﬁrewood, clearing and ﬁlling for agriculture and coastal develop­
ment, and clearing and replacement of mangrove habitat with 
aquaculture (UNEP, 1995; Ogden, 2001; Valiela et al., 2001; Wilkie 
and Fortuna, 2003). In many places, mangrove loss is occurring 
without regard for the role of mangroves in the functioning of 
coastal ecosystems (e.g. Alongi, 2008). Mangroves may help protect 
neighboring coral reefs and seagrass beds from terrestrial runoff 
(UNEP, 1995), shelter coastlines from storm damage (Naylor and 
Drew, 1998; Dahdouh-Guebas et al., 2005; Granek and Ruttenberg, 
2007), and serve as nursery and feeding grounds for a variety of 
species of invertebrates and ﬁshes (Nagelkerken et al., 2000, 2001; 
Mumby et al., 2004). Therefore, mangroves may play important 
roles in the functioning of other coastal ecosystems in the tropics. 
However, it is still largely unknown how mangrove loss may 
alter ecosystem function in mangrove forests themselves. In other 
coastal habitats such as salt marshes, removal of vegetation can 
result in harsher abiotic conditions in soils and sediments and 
signiﬁcant shifts in the structure of associated benthic communities 
(Whitcraft and Levin, 2007). Similarly, loss of mangrove forests may 
alter the habitats and communities via biotic and abiotic pathways. 
For example, growth of benthic algae may increase as a result of 
greater light intensity, nutrient availability, and frequency of high 
temperature events (but see Gwyther and Fairweather, 2002). 
Sedimentation rates and organic content of sediments may change 
with mangrove clearing (e.g. Alongi and de Carvalho, 2008), which 
may in turn impact associated mangrove communities and adja­
cent habitats. Loss of mangroves will also greatly reduce habitat 
complexity and is likely to affect community structure of many 
species, including algae, herbivores, and other fauna (Eston et al., 
1992; Dye, 2006). 
In this study, we test the hypothesis that a number of measures 
of ecosystem function in mangrove forests are signiﬁcantly altered 
when mangroves are cleared. The abiotic factors we examine 
include sedimentation rate, organic content of sediments, 
temperature, and light intensity. Because many of these factors may 
interact with biotic factors (e.g. herbivory, competition) to structure 
algal communities, we examine changes in benthic algal biomass 
and community structure in the presence and absence of herbivory. 
Our results provide evidence that mangrove clearing affects 
a number of these parameters through both direct abiotic and 
indirect biotic pathways. Therefore, it is important to improve 
mangrove conservation since their removal may have effects 
throughout mangrove ecosystems and on adjacent habitats. 
2. Materials and methods 
2.1. Study area 
This study was conducted in Almirante Bay, Bocas del Toro 
Province, Panama (Fig. 1). Within the study region, sites that met 
the following criteria were selected for this study: (1) at least 100 m 
long stretch of cleared red mangroves adjacent to stretches of at 
least 100 m of intact red mangroves to provide sufﬁcient cleared 
areas for comparison; (2) fringing or patch reefs within 100 m of 
the seaward mangrove edge to allow us to conduct additional 
studies on connections between mangroves and reefs; (3) >2 km  
from major human development or construction projects to 
exclude potential spurious anthropogenic inﬂuences. Five sites met 
these criteria, and were located within 20 km of each other (Fig. 1), 
with three on Isla Colon (from northwest to southeast: Red Point, 
Punta Caracole North, and Punta Caracole South), one on Isla Pas­
tores (Pastores), and one on the mainland south of Almirante 
(Punta Gallinazo). The coastline at all sites was characterized by 
Rhizophora mangle trees in fully marine areas (tidal range in 
Almirante Bay, Panama is <65 cm), except where stands had been 
cleared for agriculture, construction, or viewsheds. Mangrove-
cleared areas ranged from 100 to 300 m in length along the shore, 
were generally cut to a few centimeters above the substrate surface, 
and included the entire width of the mangrove area (i.e. landward 
to seaward). On Isla Colon, mangrove clearing occurred approxi­
mately 8 years prior to this study (historically cleared sites) and 
mangrove-cleared areas were characterized by submerged decay­
ing prop roots on the substrate with signiﬁcant macroalgal growth 
inshore and the seagrass Thalassia testudinum growth further from shore. Little three-dimensional structure remained in these 
mangrove-cleared areas as cleared mangrove material had been 
removed from the shoreline and shallow subtidal. At Pastores and 
Gallinazo (recently cleared sites), clearing occurred during the 
12 months prior to the study and disturbed areas retained dead, 
exposed mangrove stands attached to the substrate, covered sub-
tidally with algae, and fringed by seagrass along the seaward edge. 
At Pastores and Gallinazo, subtidal root structure in cleared areas 
was substantially greater leading to subtidal structure intermediate 
between intact mangroves and the three Isla Colon mangrove 
cleared areas. Intact mangrove areas were characterized by 
submerged prop roots colonized by oysters, sponges, sporadic small 
live corals, and infrequently epibiotic algae with occasional non-
forested channels between trees. In intact areas at the ﬁve sites 
examined in this study, epibiotic algal cover on mangrove prop 
roots, trunks and soft sediment substrate was extremely low; 
cyanobacterial mats on the substratum were sporadic. Overall, the 
proportion of hard surfaces (mangrove roots, dead coral, etc.) 
within the soft bottom substrate was comparable between cleared 
and intact mangrove areas due to the cut prop roots protruding 
a few centimeters above the substrate. 
2.2. Algal biomass and richness 
Algal biomass was quantiﬁed at the ﬁve sites along a total of 40 
20-m long transects. Experimental design included two subhabitats 
(mangrove edge and mangrove center) in each of two ‘treatments’ 
(mangrove-intact and mangrove-cleared). There were two repli­
cates in each subhabitat by treatment combination and these ran 
parallel to shore, for a total of 8 replicates at each site. Transects in 
subhabitats were generally separated by 25 m, subhabitats 
(edge and center of mangroves) were generally separated by 10 m, 
and treatments (cleared and intact mangroves) were generally 
separated by 50 m. Each transect was delineated by a 20-m long by 
1-mm thick yellow nylon cord located approximately 30 cm above 
the substratum, anchored using PVC stakes, run among the 
seaward-edge prop roots of intact mangroves or where mangroves 
had been in the cleared areas, and below MLLW. Because much of 
the substrate along transects is not solid (i.e. detritus/mud/sand 
with macroalgae and cyanobacteria), this cord (simulating 
remaining root structure or hard substrata including dead coral) 
provided substrate for algal growth. Algae readily attached to the 
rough surface of the nylon cord, allowing for easy sampling (Buck 
and Buchholz, 2004). The nylon cord was used as a standard surface 
to minimize differences in substrate heterogeneity but was not 
intended to exactly mimic the natural substrate or the community 
thereon. We averaged the number of algal taxa per line in each 
transect. 
Samples were taken by removing six randomly selected 15-cm 
long segments from the line 9 weeks after the cord was deployed. 
These segments (subsamples) were averaged to derive a transect 
mean. Sample lines were rinsed to remove detritus and sand, and 
algal taxa were identiﬁed under a dissecting scope based on Littler 
and Littler (2000). We used genera as a proxy for functional groups, 
since identiﬁcation to species is nearly impossible in the ﬁeld for 
many groups. Since ecological studies involving marine algae often 
take a functional-form approach (Steneck and Dethier, 1994), we 
quantiﬁed taxonomic diversity as the number of genera. After 
identiﬁcation, all algal and cyanobacterial biomass was scraped off 
the line, dried at 60 oC, and weighed to determine biomass. 
2.3. Herbivory 
To quantify the inﬂuence of herbivorous ﬁshes on differences in 
algal biomass between intact and cleared areas, herbivore exclusion 
cages were deployed at Red Point, Punta Caracole North, and 
Fig. 1. Map of Panama with Bocas del Toro region boxed. Sites are marked on inset map by symbols (on Isla Colon from NW to SE – Red Point, Punta Caracole North (PCN), Punta 
Caracole South (PCS); Pastores, on Isla Pastores and Gallinazo, south of Punta Gallinazo). Pastores. We constructed herbivore exclusion cages of Naltex 
tubular diamond mesh bag (1.4 cm mesh) stretched to w20 cm in 
length and held open with three rings of 0.75 cm x 15 cm PVC 
rings; the ends were covered with Vexar L-30 mesh (Redden Net 
Company Inc., Port Coquitlam, BC, Canada) attached with cable ties. 
Cage controls were similar but had two 6-cm diameter holes cut in 
the mesh on each side of the cage. The cages were threaded onto 
the lines when the experiment was deployed. This design excluded 
herbivorous ﬁshes from the 20-cm stretch of cord surrounded by 
the cage. Herbivorous stocky ceriths (the gastropod Cerithium lit­
teratum) occasionally entered the cages but were removed during 
bi-weekly monitoring visits, and since no other herbivores were 
seen in the cages, we are conﬁdent that the cages excluded the 
dominant herbivores, ﬁshes. Fishing pressure is relatively high in 
the Bocas del Toro region, and herbivorous ﬁshes are taken in the 
ﬁshery (Dominici-Arosemena and Wolff, 2005). However, herbiv­
orous ﬁshes are common both in the mangroves and on reefs, and 
are frequently seen grazing in and near mangroves (E. Granek, 
unpublished data). The line in cages and cage controls was sampled 
after 9 weeks as described above. The shading effect of cages and 
cage controls was far greater than the impact of herbivory on open 
lines. Therefore, we quantiﬁed herbivory as the difference in algal 
biomass between cages (closed to herbivory) and cage controls 
(open to herbivory). 2.4. Water temperature and light variation 
Two i-button data loggers (i-button Temperature Loggers 
DS1921G, Maxim Direct, Dallas, TX) were deployed along each 
transect line at the beginning of the experiment and programmed 
to measure temperature hourly. We calculated the proportion of 
high temperature events exceeding 30.5 oC (selected because local 
reef temperatures rarely exceed 30 oC (E. Granek, unpublished data) and 30 oC is often considered a bleaching threshold for corals 
(Hoegh-Goldberg and Salvat, 1995; Brown, 1997)). 
Light intensity was measured using a Li-cor Underwater 
Quantum Sensor (LI-192) and a Li-cor Atmospheric Quantum 
Sensor (LI-190) to standardize light measurements to ambient light 
conditions with a Li-cor data logger (LI-1400). Four light readings 
were taken per point at ﬁve points along each transect on a clear 
sunny day. Measurements were standardized to ambient light 
readings and averaged to determine mean light intensity per 
transect line (mmol s-1 m-2). 
2.5. Sedimentation 
Sedimentation rates, or the delivery rate of sediment from the 
water column, were measured using PVC tube traps; tubes were 
3.81 cm diameter x 19.05 cm, capped at the bottom and anchored 
to rebar stakes with the bottoms in contact with the benthos 
(Hargrave and Burns, 1979; Bothner et al., 2006). Tube traps at 
mangrove edge areas remained submerged, while those in the 
mangrove center (landward) were exposed during the lowest tide 
of the month. Three sediment traps were deployed on each transect 
line for approximately 8 weeks. Sediment was removed from each 
trap and dried at 60 oC until no further weight loss occurred. We 
then calculated mean ﬁnal dry weight of sediment per transect. 
2.6. Organic content 
Sediment samples were homogenized by transferring samples 
into glass bottles containing 4–7 stainless steel grinding rods. These 
were tumbled on a roller-grinder machine (Butler et al., 2004) until 
samples were the consistency of talcum powder. Following the 
protocol described in Nelson and Sommers (1996), 2  ± 0.5 g of 
homogenized sample were then transferred to a pre-weighed 
crucible, heated at 105 oC, reweighed to determine dry weight of 
the sample, and combusted in a Mufﬂe furnace at 400 oC. Post-
combustion weight was used to calculate percent organic content 
per sediment sample by using loss on ignition (LOI) as a proxy for 
organic matter (LOI % ¼ [(weight at 105 oC -weight at 400 oC)/ 
weight at105 oC) x 100]). 2.7. Statistical analysis 
For each analysis, the residuals were examined for normality 
and variance. To improve normality, algal biomass and high 
temperature events were ln(x þ 1) transformed; sedimentation 
and organic matter data were square-root transformed. 
We used a blocked design and mixed effects ANOVAs to analyze 
the algal growth experiments, using treatment (cleared or intact 
mangrove areas) and habitat (edge or center of mangrove areas) as 
ﬁxed effects and site as a random effect, and including all interac­
tions. We conducted two separate analyses, one using algal biomass 
and another using algal generic diversity as the response variable 
(Table 1). We used a similar design to examine the effects of 
herbivory, including the addition of cage type (partially open [cage Table 1 
Results from ANOVAs, including all factors and 2nd order interactions. All effects are 
ﬁxed unless noted as random. Treatment refers to cleared vs. intact mangroves; 
habitat refers to center vs. edge of the mangroves. p-values <0.05 are shown in bold 
type 
Experiment/analysis Factor MS df F p 
Algal biomass	 Treatment 4.25 1 59.9 <0.0001 
Site (random) 1.67 4 1.56 0.22 
Treatment x site 2.69 4 2.50 0.069 
Habitat 0.18 1 0.17 0.69 
Treatment x habitat 0.04 1 0.037 0.85 
Site x habitat 1.18 4 1.10 0.38 
Error 1.08 24 
Algal diversity	 Treatment 18.0 1 1.13 0.35 
Site (random) 15.99 4 18.8 <0.0001 
Treatment x site 3.08 4 3.62 0.020 
Habitat 16.98 1 19.97 0.0002 
Treatment x habitat 2.37 1 2.78 0.11 
Site x habitat 3.43 4 4.03 0.013 
Error 0.85 23 
Herbivore exclusion	 Treatment 17.10 1 21.1 0.0001 
Site (random) 0.062 2 0.076 0.93 
Treatment x site 0.85 2 1.05 0.36 
Habitat 0.57 1 0.70 0.41 
Treatment x habitat 2.49 1 3.07 0.092 
Site x habitat 3.27 2 4.03 0.030 
Cage type 10.81 1 13.3 0.0012 
Treatment x cage type 0.0019 1 0.0023 0.96 
Site x cage type 0.65 2 0.80 0.46 
Habitat x cage type 0.59 1 0.72 0.40 
Error 0.81 25 
Light intensity	 Treatment 24.57 1 136.7 <0.0001 
Site (random) 0.20 4 1.09 0.38 
Treatment x site 0.22 4 1.20 0.34 
Habitat 0.38 1 2.10 0.16 
Treatment x habitat 0.24 1 1.32 0.26 
Site x habitat 0.13 4 0.74 0.57 
Error 0.18 24 
Sediment trap	 Treatment 0.46 1 0.19 0.68 
Site (random) 2.37 4 2.83 0.048 
Treatment x site 6.01 4 7.17 0.001 
Habitat 0.04 1 0.047 0.83 
Treatment x habitat 2.07 1 2.47 0.13 
Site x habitat 0.72 4 0.86 0.51 
Error 0.84 23 
Organic matter	 Treatment 11.10 1 10.68 0.031 
Site (random) 1.04 4 3.26 0.030 
Treatment x site 1.16 4 3.62 0.020 
Habitat 11.59 1 36.32 <0.0001 
Treatment x habitat 2.21 1 6.91 0.015 
Site x habitat 0.28 4 0.88 0.49 
Error 0.32 23 control] or closed [caged]) as a ﬁxed factor. We used the statistical 
model from the algal growth experiments to test the effects of 
clearing on light penetration, sedimentation, and organic matter 
(including treatment and habitat as ﬁxed factors, site as a random 
factor, and the interactions). For temperature data, we calculated 
the proportion of high temperature events (>30.5 oC), and pooled 
within treatment and site (since temperature data within each 
treatment x site combination are likely not truly independent). 3. Results 
3.1. Algal biomass 
Algal biomass was signiﬁcantly higher in cleared areas than in 
intact areas (p < 0.001, Fig. 2, Table 1), but there was also 
a marginally signiﬁcant treatment x site interaction (p ¼ 0.069), 
suggesting that the magnitude of the effect varied among sites 
(Fig. 2). There were no habitat differences (center vs. edge of 
mangroves), among sites, or any ﬁrst order interactions among 
these factors (Table 1). 3.2. Algal communities 
There were no signiﬁcant effects of treatment on algal generic 
richness, but there were highly signiﬁcant differences among sites 
(p < 0.0001, Fig. 3a, Table 1). The proportion of line segments with 
>50% cover of at least one algal or cyanobacterial taxon (referred to 
hereafter as dominant) was greater in cleared areas than in intact 
areas (ANOVA, F ¼ 29.2; df ¼ 1, 29; p < 0.001). Three cyanobacterial 
genera dominated transects in cleared areas whereas two domi­
nated in intact areas (Fig. 3b). In cleared areas, 14 algal genera were 
dominant, whereas in intact areas, only seven genera were domi­
nant. Lyngbya sp. and Dictyota sp. were most common overall. 
Number of algal taxa per line was averaged for each transect and for 
the replicate transects in each area and mangrove condition to 
determine differences in algal taxon diversity in intact vs. cleared 
areas. 3.3. Herbivory 
There was a strong effect of ﬁsh herbivory in both the cleared 
and intact areas, and this effect was consistent between treatments 
(cage effect: p ¼ 0.0012; effect of clearing (treatment effect): 
p ¼ 0.0001; cage x treatment interaction: NS; Fig. 4, Table 1). There 
were no main effects of site or habitat (center vs. edge of 
mangroves), but there was a weak but signiﬁcant site x habitat 
interaction (p ¼ 0.03, Table 1). 3.4. Abiotic factors 
We found major effects of treatment on light and temperature 
(Fig. 5a,b). As expected, light intensity was greater in cleared than 
in intact mangrove areas (p < 0.0001; Fig. 5a, Table 1), and there 
were no other signiﬁcant effects or interactions. The number of 
high temperature events was also greater in cleared than in intact 
areas (paired t-test, ¼ 4.88, df ¼ 4, p ¼ 0.008; Fig. 5b). There was no 
signiﬁcant effect of clearing on sedimentation rate, but there were 
signiﬁcant site and site x treatment effects (treatment, NS; site, 
p ¼ 0.048; site x treatment, p ¼ 0.001; Fig. 5c, Table 1). Finally, 
organic content of sediments was higher in intact vs. cleared areas 
(p ¼ 0.031; Fig. 5d), but there were also site effects (p ¼ 0.03), 
habitat effects (p < 0.0001), treatment x site interactions 
(p ¼ 0.02) and treatment x habitat interactions (p ¼ 0.015). 
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Fig. 2. Mean algal biomass, by site and treatment (cleared vs. intact mangroves). Error 
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Fig. 3. (a) Mean number of genera per transect, by site and treatment. Error bars 
represent ±1 SE. (b) Percent of transects on which cyanobacterial or algal genus 
occurred along >50% of the segment, by cleared and intact mangroves. Numbers next 
to genera indicate whether that genus has been observed overgrowing coral in other 
studies (1) (McClanahan et al. 2002; McCook et al. 2001), or overgrowing adjacent 
reefs in Panama during this study (2). 4. Discussion 
Our results demonstrate that a number of ecosystem processes 
are signiﬁcantly modiﬁed by clearing mangrove forests. Algal 
biomass, light penetration, and high temperature events increase 
while organic content of sediments decreases in areas that have 
been cleared of mangroves. In addition, algal community compo­
sition changed between cleared and intact mangrove areas, and 
generic-level diversity of algal communities actually increased in 
cleared areas. Interestingly, while consumption of algae by 
herbivorous ﬁshes was greater in mangrove-cleared areas, the 
increased levels of herbivory were insufﬁcient to compensate for 
the increased levels of algal growth, resulting in similar levels of 
algal biomass between herbivore exposed areas in cleared 
mangroves and herbivore excluded areas in intact mangroves 
(Fig. 4). These patterns suggest that disturbance to mangrove 
structure increased the dominance of macroalgae via shifts in 
abiotic (e.g. light, temperature) rather than biotic (e.g. herbivory) 
factors. 
Areas with intact mangrove cover had much lower levels of algal 
biomass than areas from which mangroves were cleared, both on 
our experimental surface and natural substrates at each site (Fig. 3; 
E. Granek, personal observation). In this system, light may be the 
primary driver of algal abundance and community structure, and 
not surprisingly light penetration was highly signiﬁcantly greater in 
areas cleared of mangroves than areas with intact mangroves 
(Fig. 5a). Light can limit algal and cyanobacterial growth (Irving and 
Connell, 2002; Pang and Luning, 2004), and additional observations 
suggest that light levels and algal biomass were much higher below 
canopy gaps in intact mangrove stands than in the shaded areas 
below the canopy (E. Granek, personal observation). 
Light appears to be the primary factor controlling algal biomass, 
and while there were signiﬁcant effects of herbivory, they were 
insufﬁcient to compensate for increased biomass in cleared areas 
(Figs. 2 and 4). To isolate the effects of light on algal growth in the 
presence of ﬁsh herbivory, we reanalyzed results from the herbi­
vore exclusion experiment to include only cage controls and open 
sections of line. We found signiﬁcant effects of treatment (cleared 
or intact mangroves), cage type (open or cage control), and their 
interaction, on algal biomass. Algal biomass is approximately equal 
in cage controls in cleared mangroves, where some shading occurs, 
and open lines in intact mangroves; biomass is highest on open 
lines in cleared mangroves, where light levels are highest, and 
biomass is lowest in cage controls in intact mangroves, where 
shading is doubled. Mangrove-cleared areas had higher algal generic richness rela­
tive to mangrove-intact areas (Fig. 3a). Diversity and dominance of 
cyanobacteria (e.g., Lyngbya sp., Symploca sp., and Schizothrix sp.) 
and a variety of red, green and brown macroalgal taxa uncommon 
in local mangrove habitat were consistently higher in disturbed 
mangroves, and though cyanobacterial mats occur naturally in 
mangrove habitat (Joye and Lee, 2004), macroalgal growth was 
generally low in the undisturbed mangrove systems in this study. 
These ﬁndings suggest that algal and cyanobacterial growth 
conditions are much more favorable in mangrove-cleared areas due 
to increases in light availability. Similarly, experimental removal of 
vegetation in salt marshes led to signiﬁcant shifts in species 
composition in both primary producer and faunal communities, 
even if species richness remained more or less constant (Whitcraft 
and Levin, 2007). These results demonstrate indirect biotic effects 
following removal of dominant vegetation, suggesting that human 
disturbance in aquatic habitats may have varying effects on biotic 
communities across ecosystems. 
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Error bars represent ±1 SE. Changes in algal community structure caused by mangrove 
clearing also have the potential to inﬂuence adjacent habitats, such 
as coral reefs. The algal genera dominating line segments in cleared 
areas were different than in intact mangroves, and included 
Acanthophora, Centroceras, Ceramium, Dictyota, Hincksia, Poly­
siphonia and Spyridea, some of which have been recorded on 
mangrove prop roots (Farnsworth and Ellison, 1996; Littler et al., 
2000). Other studies have recorded these genera growing on coral 
reefs in Belize and competing with corals for light and space 
(McCook et al., 2001; McClanahan et al., 2002). By increasing algal 
biomass, facilitating algal compositional shifts, mangrove defores­
tation may indirectly facilitate algal growth on nearby patch reefs. 
Field observations indicate that Dictyota sp., Acanthophora sp., and 
cyanobacteria were overgrowing live and dead coral on Porites 
patch reefs adjacent to mangrove-cleared areas at Punta Caracole 
South and Red Point (E. Granek, unpublished data), and Dictyota 
and Acanthophora were two of the most dominant genera in cleared 1400 
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Fig. 5. Variation in abiotic factors, by site and treatment: (a) light intensity, (b) proportion of
(% by mass). Error bars represent ±1 SE for all plots. mangrove areas but were not present in intact mangrove areas 
(Fig. 3b). In addition, a survey of the literature showed that mac­
roalgal genera found in mangrove-cleared areas in this study were 
coral competitors at other Caribbean locations (McCook et al., 2001; 
McClanahan et al., 2002). 
There was no effect of clearing on sedimentation rates, but there 
were strong site and site x treatment effects. Part of this may be 
a function of different sedimentation processes in historically vs. 
recently cleared sites; sedimentation rates were generally greater 
in intact mangroves at historically cleared sites but higher in 
cleared mangroves at recently cleared sites. To further complicate 
this issue, there may also be changes in sedimentation rates due to 
loss of substrate as a result of clearing (e.g. Furukawa and Wolanski, 
2004; Alongi and de Carvalho, 2008), but because this study 
occurred over a relatively short time period we were unable to 
measure changes in absolute substrate elevation. 
While the pattern in total sedimentation rates was unclear, the 
organic content of the sediment sampled was signiﬁcantly greater 
in intact than cleared mangroves. This difference is likely the result 
of two factors, either independently or in combination: (1) higher 
overall production of organic matter in intact mangroves and/or (2) 
greater trapping of organic particles in mangrove habitat. Whatever 
the mechanism, higher organic content may fuel detritivore 
communities in mangrove systems; the high productivity of these 
communities may decline as organic content of the sediments 
decline when mangroves are cleared, with subsequent shifts in 
these communities and of predators that depend on them. If 
mangrove-derived nutrients are indeed important to adjacent 
marine habitats (Jennerjahn and Ittekkot, 2002; Dittmar et al., 
2006), loss of mangroves may result in reduced organic matter 
export to adjacent systems such as seagrass beds. If, on the other 
hand, mangroves are primarily responsible for greater trapping of 
nutrients, mangrove loss may inhibit the ﬁltration of nutrients that 
could end up in adjacent systems including seagrass beds and reefs. 
Finally, there was a great deal of site to site variability in many of 
the responses we measured, including a number of signiﬁcant site 
terms and interactions that included site (e.g. site x treatment, Galli
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 temperature events >30.5 oC, (c) total sediment mass, (d) organic content of sediments 
site x habitat) in the statistical models (Table 1). A number of 
factors could explain this variability. Two of the sites were recently 
cleared of mangroves (Pastores and Gallinazo), while the others 
were cleared >8 years ago. Our data suggest that some responses 
may have varied by age of clearing (e.g. Figs. 2 and 3a). Unfortu­
nately we were unable to explicitly evaluate the effects of age of 
clearing because of small sample size. Other site-speciﬁc charac­
teristics, such as stand age, water ﬂow and depth might also 
inﬂuence the magnitude of biotic and abiotic responses at different 
sites, but we have no data on how these other factors may vary 
by site. 
In this study, disturbance to ecosystem dominants, mangroves, 
led to changes in some abiotic factors, including light intensity and 
temperature, and biotic factors, such as organic content of sedi­
ments, ultimately inﬂuencing biological communities by increasing 
algal and cyanobacterial abundance and diversity. While many 
studies have suggested that mangroves are important for main­
taining ecosystem processes in tropical coastal areas (e.g. Rivera-
Monroy and Twilley, 1996; Valiela et al., 2001; Chong, 2005; 
Ferwerda et al., 2007), our results demonstrate changes in a variety 
of abiotic and biotic factors as a result of mangrove clearing. Other 
work has suggested that mangroves may have strong inﬂuences on 
ecosystem processes in connected habitats, such as coral reefs and 
seagrass beds (e.g. Odum and Heald, 1972; Ogden, 1988; Hemminga 
et al., 1994; Mumby et al., 2004). Our ﬁndings indicate that even 
small scale clearing of mangroves can lead to signiﬁcant changes in 
the physical and biotic conditions of the local environment, and 
highlight the need to consider mangrove conservation as a facet of 
more general marine management in tropical coastal systems. 
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